Abstract Inhibition of the HER-2 pathway via the monoclonal antibody trastuzumab has had a major impact in treatment of HER-2 positive breast cancer, but de novo or acquired resistance may reduce its effectiveness. The known interplay between the epidermal growth factor receptor (EGFR) and HER-2 receptors and pathways creates a rationale for combined anti-EGFR and anti-HER-2 therapy in HER-2 positive metastatic breast cancer (MBC), and toxicities associated with the use of multiple chemotherapeutic agents together with biological therapies may also be reduced. We conducted a prospective, single arm, phase I/II trial to determine the efficacy and toxicity of the combination of trastuzumab with the EGFR inhibitor gefitinib and docetaxel, in patients with HER-2 positive MBC. The maximum tolerated dose (MTD) was determined in the phase I portion. The primary end point of the phase II portion was progression-free survival (PFS). Immunohistochemical analysis of biomarker expression of the PKArelated proteins cAMP response element-binding protein (CREB), phospho-CREB and DARPP-32 (dopamine and cAMP-regulated phosphoprotein of 32 kDa) plus t-DARPP (the truncated isoform of DARPP-32); PTEN; p-p70 S6K; and EGFR was conducted on tissue from metastatic sites. Nine patients were treated in the phase I portion of the study and 22 in the phase II portion. The MTD was gefitinib 250 mg on days 2-14, trastuzumab 6 mg/kg, and docetaxel 60 mg/m 2 every 21 days. For the 29 patients treated at the MTD, median PFS was 12.7 months, with complete and partial response rates of 18 and 46%, and a stable disease rate of 29%. No statistically significant correlation was found between response and expression of any biomarkers. We conclude that the combination of gefitinib, trastuzumab, and docetaxel is feasible and effective. Expression of the biomarkers examined did not predict outcome in this sample of HER-2 overexpressing metastatic breast cancer.
Introduction
Overexpression of HER-2 occurs in 20-25% of breast cancers [1] , and is associated with decreased progressionfree and overall survival [2] . Inhibition of the HER-2 pathway via the monoclonal antibody trastuzumab has had a profound impact upon the natural history of HER-2 positive breast cancer [3] [4] [5] . However, the rate of response of HER-2 positive metastatic breast cancer (MBC) to first line single-agent trastuzumab is only 34% [6] , suggesting high levels of inherent resistance. Possible mechanisms of resistance include a variety of molecular changes that converge upon the phosphatidyl-inositol 3-kinase (PI3K)/ Akt signaling pathway. Upregulated signaling through alternative receptor tyrosine kinases, such as the insulinlike growth factor-1 receptor [7] and epidermal growth factor receptor (EGFR) [8, 9] ; modulation of key regulatory components of the PI3K/Akt pathway, such as PI3K [10, 11] and Akt [12] themselves, phosphatase and tensin homolog (PTEN) [10, 12] , and mammalian target of rapamycin (mTOR) [13] ; and dysregulation of cross-talk signaling pathways such as protein kinase A (PKA) [14] have all been reported as possible mediators of trastuzumab resistance, all with the net effect of allowing sustained signaling through PI3K/Akt in the presence of trastuzumab.
We and others have reported that trastuzumab-resistant cells have higher levels of phosphorylated EGFR and EGFR/ HER-2 heterodimers than their trastuzumab-sensitive counterparts and remain sensitive to EGFR inhibitors [8] , particularly in the presence of trastuzumab [9] . This suggests a greater dependence on EGFR in these cells when HER-2 signaling is inhibited by trastuzumab [9] . The efficacy of lapatinib, a dual HER-2/EGFR inhibitor, in combination with trastuzumab in patients whose disease has progressed through prior trastuzumab-containing therapy [15] also suggests that simultaneous HER-2 and EGFR inhibition can overcome trastuzumab resistance in some patients.
In light of the known interplay between EGFR and HER-2, there is a rationale for examining combined anti-EGFR and anti-HER-2 therapy in HER-2 positive MBC. We chose to study trastuzumab in combination with gefitinib, which was the most clinically proven EGFR inhibitor at the time this study was initiated, having shown efficacy in the treatment of lung cancer [16] . Moreover, gefitinib has been shown to induce apoptosis of trastuzumab-resistant cells in culture [8] , and studies of single-agent gefitinib in MBC patients not selected for HER-2 status have demonstrated some activity [17, 18] .
The combination of docetaxel and trastuzumab is more effective than docetaxel alone in treating MBC, with an overall response rate of 61%, time to progression (TTP) of 11.7 months, and median overall survival (OS) of 31.2 months [19] . We therefore examined the combination of gefitinib, docetaxel, and trastuzumab in this patient population with a prospective, single arm, phase I/II trial. The goal was to establish the maximum tolerated dose (MTD) during the phase I portion of the study and then determine the progression-free survival (PFS) and response rate in patients treated at the MTD during the phase II portion. Based upon their known association with trastuzumab resistance in pre-clinical and clinical settings, we also sought to determine whether key molecular biomarkers were associated with these outcomes.
Materials and methods
This protocol was approved by the City of Hope Institutional Review Board and followed the ethical standards of that body. Patients C18 years of age with histologically confirmed, measurable, or evaluable, stage IV HER-2 overexpressing MBC were eligible. Patients had to have tumors with 3? HER-2 expression as determined by immunohistochemistry, or HER-2 amplification determined by fluorescence in situ hybridization (FISH). Prior adjuvant chemotherapy and trastuzumab were allowed unless disease had recurred within 6 months of receiving that therapy. Previous treatment with chemotherapy or trastuzumab in the metastatic setting was not permitted.
Other eligibility criteria included absolute granulocyte count C1,500/ml; platelet count C100,000/ml; creatinine level \ 1.6 mg/dl; total bilirubin level \ 1.5 9 the upper limit of normal; aspartate aminotransferase and alanine aminotransferase levels \ 2.5 9 the upper limit of normal without demonstrable liver metastases, or\5.0 9 the upper limit of normal with liver metastases; ECOG performance status B 2; and left ventricular ejection fraction [55%.
In the phase I portion of the study, subjects received gefitinib 250 mg orally daily, trastuzumab 6 mg/kg intravenously every 3 weeks (after an initial dose of 8 mg/kg with cycle 1), and docetaxel 75 mg/m 2 intravenously every 3 weeks. This was to serve as the phase II dose if no dose-limiting toxicities (DLTs) occurred in the first three subjects. If one DLT occurred in the first three subjects, another three subjects were to be enrolled at this dose, whereas if two DLTs occurred in the first three subjects, the docetaxel dose was to be decreased to 60 mg/m 2 . The study would then be continued only if no more than one patient had a DLT at this dose. Once the dose of docetaxel was established, all further subjects were to be treated at the phase II MTD dose. The primary endpoint of the phase II portion of the study was PFS.
Reports from the lung cancer study INTACT 2 [20] demonstrated that gefitinib plus concurrent chemotherapy, followed by gefitinib maintenance, was not superior to chemotherapy alone in the treatment of non-small cell lung cancer, suggesting an adverse interaction between gefitinib and chemotherapy. Therefore, the gefitinib schedule was modified to 250 mg daily on days 2-14 of the 21-day cycle after the initiation of the study, and this schedule was used for the entire phase II portion of the study.
Patients were evaluated for response at 9-week intervals, using standard response evaluation criteria in solid tumors. Assessment of complete response (CR) and partial response (PR) was performed at or after completion of the third course of treatment. A patient with a single response assessment of PR and no subsequent confirmatory assessments was considered to have stable disease (SD). Response and SD had to be confirmed on two assessments. Duration of SD or response was by definition at least 9 weeks. Clinical benefit rate (CBR) was defined as the rate of CR plus PR plus SD. PFS was defined as the time from initiation of treatment until objective disease progression or death; patients who discontinued treatment for reasons other than disease progression were included in the PFS analysis. Only subjects with measurable disease were included in the response rate calculation. The National Cancer Institute Common Toxicity Criteria Version 2.0 was used to assess toxicities. Dose-limiting toxicity was defined as any grade 3 or 4 treatment-related toxicity other than hematologic toxicity (which only qualified if grade 4) and, during the phase I portion, any interstitial lung disease that was considered treatment-related.
Immunohistochemical studies were conducted on tissue samples, when available, using 5-lm thick sections prepared from formalin-fixed, paraffin-embedded tissue. Tissue samples were procured prior to enrollment (required to document first time metastases). While patients were enrolled prospectively, samples were batched, and hence were analyzed in a retrospective fashion. We planned to assess molecular markers involved in EGFR/HER2-driven signal transduction. Due to limitations in available tissue, the biomarkers examined in an exploratory fashion were the PKA-related proteins cAMP response element-binding protein (CREB), phospho-CREB, and DARPP-32 (dopamine and cAMP-regulated phosphoprotein of 32 kDa) plus t-DARPP (the truncated isoform of DARPP-32); PTEN; p-p70 S6K and EGFR. Staining for CREB was performed using the 48H2 rabbit monoclonal antibody (Cell Signaling Technology, Inc., Danvers, MA), 1:300 dilution; for phospho-CREB (Ser 133 ) using the 87G3 rabbit monoclonal antibody (Cell Signaling Technology), 1:50 dilution; for DARPP-32 plus t-DARPP using the H62 rabbit polyclonal antibody against the common C-terminus of these two proteins (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 1:200 dilution; for PTEN using the 6H2.1 antibody (Dako, Carpinteria, CA), 1:300 dilution; and for p-p70 S6K using a rabbit polyclonal antibody raised against a short amino acid sequence containing phosphorylated Thr421 and Ser424 of human p70S6K (Santa Cruz Biotechnology), 1:300 dilution. For detection of EGFR, the EGFR pharmDx kit system (Dako) was used according to the manufacturer's instructions. Tissue sections were deparaffinized in xylene, rehydrated in graded alcohol, and then quenched in 3% hydrogen peroxide. For heat-induced epitope retrieval, the CREB, phospho-CREB, DARPP-32 plus t-DARPP, and p-p70S6K sections were steamed with Diva decloaker buffer, pH 6 (Biocare Medical); sections for PTEN were steamed with EDTA; and sections for EGFR were steamed with proteinase K. Slides were blocked for 10 min using Protein Block from DAKO and then incubated with primary antibody overnight at 4°C. The slides were processed in a DAKO Autostainer universal staining system and developed with the EnVision ? horseradish peroxidase system for detection of rabbit primary antibodies. Counterstaining was with 50% Mayer's hematoxylin (DAKO) for 3 min. Stained slides were scored for intensity on a scale of 0-3 and for percent positivity (0-100). The final score used in statistical analysis was the product of the intensity score and the percent positivity score for each antibody.
The primary endpoint of the phase II portion of the study was PFS. The initial sample size goal was 76 patients, established to estimate PFS, presuming that the efficacy of the gefitinib/docetaxel/trastuzumab combination was similar to that of a platinum salt/taxane/trastuzumab combination, which yielded a median PFS of 10.7 months [21] . The trial closed early, however, because availability of lapatinib and use of alternative strategies made accrual more difficult. Secondary endpoints included OS, response rate, CBR, and safety. Duration of PFS and OS was estimated using the Kaplan-Meier method [22] . Data were expressed as medians with 95% confidence intervals (CI) calculated by the Greenwood formula [23] . Determination of significance of association between expression of tissue biomarkers and treatment response was performed using the t-test, with a two-sided alpha level of 0.05, or the Wilcoxon rank sum test when data were skewed. All statistical tests were performed using SAS V9.2 or S-Plus v 7.0, and univariate and multivariate analyses of biomarker data were planned. Given the predictable variability of the biomarkers and the number of samples, we also evaluated the power of this study to detect (with a two-sided P value of 0.05) a 30% difference between the responders and non-responders. The design, immunohistochemical testing, and statistical assessment are in line with Remark criteria [24] .
Results
A total of 31 patients were enrolled, 9 in the phase I portion of the study and 22 in the phase II portion. Patient characteristics are summarized in Table 1 . One patient in the phase I portion of the study (who had no metastatic disease), and two patients in the phase II portion (one with stage IIIB disease, one with HER-2 negative disease by FISH on retesting) were found to be ineligible. Because these patients received therapy, they are included in the data analysis unless otherwise specified.
The first two patients in the phase I portion of the study at the initial dose level (docetaxel 75 mg/m 2 ) experienced DLTs (detailed below), so the docetaxel dose was decreased to 60 mg/m 2 for the remainder of the trial. Seven patients were enrolled at this dose level, including the ineligible patient, who was replaced. This dose was used in the phase II portion of the study. Starting with the last patient in the phase I study, the gefitinib schedule was modified to 250 mg daily on days 2-14 of the 21-day cycle.
The two patients treated at the initial phase I dose of docetaxel of 75 mg/m 2 had stable disease. Of the remaining seven phase I patients, three had a PR and four had SD. Among the phase II patients, there were five CRs, ten PRs, four cases of SD, and two cases of progressive disease. One patient was excluded from the response evaluation because she was found to be ineligible (having HER-2 negative disease) and completed only one course of therapy. The other ineligible phase II patient, who had stage IIIB disease, was included in the response analysis; she completed eight cycles of therapy, with a best response of unconfirmed CR (preceded by a confirmed PR). Twenty-nine patients (7 in the phase I portion, 22 in the phase II portion) were treated at the phase II docetaxel dose; the CR, PR, and SD rates were 18, 46, and 29%, respectively; CBR was 93%.
The median PFS for all patients treated at the phase II docetaxel dose was 12.7 months (95% CI 7.6-21.8 months; range 2.1-55.5 months) (see Fig. 1 ). The median OS was 43.2 months (95% CI 30.8-65.3 months; range 11.0-65.3 months) (see Fig. 1 ). Reanalysis of the data with exclusion of ineligible patients non-significantly shortened OS to 40.7 months, with no change in PFS (data not shown).
Both patients treated at the initial dose level (docetaxel dose 75 mg/m 2 ) experienced the DLT of grade 3 infection. One of these patients also developed grade 4 leukopenia, grade 4 neutropenia, and grade 3 hypophosphatemia. The other patient developed grade 3 fatigue. The overall incidence of grade 3 and 4 toxicities is summarized in Table 2 . There were no treatment-related deaths. The incidence of grade 4 leukopenia was 10%, and of grade 4 neutropenia was 26%. Two patients experienced grade 3 pulmonary toxicity (dyspnea) during the phase II portion that was felt to be potentially treatment-related. Other toxicities were largely as expected, including diarrhea and skin toxicity.
We analyzed expression and phosphorylation levels for several proteins implicated in determining response to receptor tyrosine kinase inhibitors. Twenty-two patient samples were stained for DARPP-32 plus t-DARPP, 20 for CREB and for phospho-CREB, 19 for EGFR, and 13 for PTEN and for p-p70S6K. Sufficient tissue was not available to perform all tests on specimens from each patient. Figure 2 shows the distribution of biomarker expression in responding and non-responding patients. Table 3 summarizes the statistical analysis of expression in these cohorts. The majority of specimens were highly positive for DARPP-32 plus t-DARPP, CREB, and p-p70S6K, whereas only one specimen demonstrated EGFR expression. The range of expression for these biomarkers was too narrow to permit detection of a significant difference between responders to therapy and the small number of nonresponders. There was a significant range of expression of phospho-CREB and PTEN, making statistical analysis of these two markers feasible. Neither marker showed a statistically significant correlation with response to therapy. The mean product score for phospho-CREB was 141 ± 108 in responders and 177 ± 115 in non-responders. For PTEN, the mean product score was 127 ± 100 in responders and 53 ± 87 in non-responders (P = 0.09); this was the lowest P value obtained for all markers tested. Due to the non-significant univariate analysis results, multivariate analysis was not initiated. Notably the power to detect a difference between the responders and the nonresponders was limited: the power to detect a 30% difference between the two groups (using the pooled estimates for the comparator group and estimates of standard deviation) was only 15 and 7% for Phospho-CREB and PTEN, respectively. The other biomarkers (excluding EGFR due to lack of expression) had power greater than 86% for a 30% change.
Discussion
MBC remains incurable, and responses to HER-2-directed therapy in HER-2 positive MBC are relatively brief, with the majority of patients progressing within 1 year [3, 19] . The HER-2-related transmembrane protein EGFR is overexpressed in 18% of breast cancers and is associated with worse survival [25, 26] . Compensatory signaling through EGFR may be one mechanism of trastuzumab resistance [8, 9] , suggesting that up-front combination of an EGFR inhibitor with trastuzumab might be more efficacious than trastuzumab alone. Nonetheless, the combination of gefitinib and trastuzumab was not found to be substantially more effective than trastuzumab alone in the treatment of metastatic HER-2 positive MBC, the response rate in previously untreated patients being only 9%, with a TTP of 3 months [27] . We examined the combination of gefitinib, docetaxel, and trastuzumab. Although the initial dose level was too toxic, a docetaxel dose of 60 mg/m 2 was well tolerated. The response rate of 64% and PFS of 12.7 months demonstrated in this study are comparable to those achieved with other three-drug combinations that include trastuzumab and a taxane with other chemotherapeutic agents, with potentially lower toxicity through avoidance of a second chemotherapeutic agent [21, 28] . Unfortunately, our study was closed early due to poor accrual, and interpretation of the results is limited by the small sample size.
This trial also examined a number of proteins in an attempt to elucidate markers of response or resistance to therapy. For most of the markers, the range of expression was too narrow to permit meaningful statistical analysis. However, there was a significant range of expression for phospho-CREB and PTEN. We did not see a significant relationship between phospho-CREB and response, in contrast to our previous results which demonstrated higher phospho-CREB levels in residual disease remaining after trastuzumab-containing neoadjuvant therapy [14] . One possible explanation for this is that patients enrolled in the current trial had more advanced disease and PKA signaling (via phospho-CREB) is not associated with therapeutic response in this setting. In the case of PTEN, expression was greater in tumor specimens from patients who responded to therapy; however, this did not reach statistical significance. Previously reported data showed that intact PTEN expression is associated with better response to trastuzumab-containing therapy, suggesting that PTEN loss is a marker of trastuzumab resistance [12] . Although not statistically significant, our data are consistent with these previous findings, and the failure to reach statistical significance could be partly due to the small number of samples available for determination of PTEN expression. The mTOR effector p-p70S6K may have a role in trastuzumab resistance, as its levels have been correlated with patient outcome during trastuzumab-based therapy when PTEN loss was accounted for [29] . However, we could not demonstrate any association between response to therapy and p-p70S6K levels, since all samples tested were high in p-p70S6K. Further study is needed to determine if this high expression is a uniform feature of MBC.
No relationship between EGFR expression and response to therapy could be demonstrated because 18 of 19 specimens available for testing had little or no detectable EGFR. This is surprising in light of published data demonstrating a correlation between EGFR positivity and HER-2 positivity [25] . The response to therapy in the current study was similar to that reported in studies of trastuzumab-containing regimens without EGFR-directed therapy [21, 28] , raising the question of whether a population selected for EGFR expression might have a higher response rate. However, response to anti-EGFR therapy in colon cancer does not correlate with the degree of EGFR expression [30, 31] , and responses have been shown in colorectal cancer that is EGFR negative by immunohistochemistry (IHC) [32] . Studies in lung cancer suggest that EGFR expression, measured by FISH [33] , and EGFR mutations [34] correlate with clinical benefit from EGFR inhibitors. However, neither EGFR positivity by FISH nor EGFR mutations is consistently accompanied by expression of EGFR as measured by IHC [35] . Thus, IHC may not be the optimal way to predict response to EGFR-directed therapy. Further work is needed to determine the relationship between EGFR expression and response to EGFR inhibitors.
Future trials should examine further the potential mechanisms of resistance to HER2 and EGFR-targeting therapy. A wider array of validated markers is needed, assessing the efficacy of multiple pathway-targeting therapies with or without cytotoxic therapies to predict outcome and allow for better treatment selection in this challenging patient population. Mean score (SD) 0 (0) 1 (3) 1 (2) 
